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Abstract 
In this study, we investigated effective pressure of dependence on hydraulic properties (i.e. threshold pressure and permeability) 
of Kazusa group mudstones, which is taken from Boso peninsula in Japan, at 40°C and effective pressures up to 20 MPa. 
Additionally, to assess a correlation between these properties, a porosity change depending on effective stress is also examined. 
Our results demonstrates that for mudstones tested, the relationship between threshold pressure and permeability depends strongly 
on changes in pore structures as a function of effective pressure.  
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of GHGT. 
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1. Introduction 
CO2 capture and storage (CCS) technology has recently been a vital tool which is enable of a deep reduction of 
CO2 emission from the atmosphere without improving our current living standard with respect to the basement of 
consuming fossil fuels. To date, large numbers of pilot and demonstration tests for CCS have been conducted around 
the globe.  
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As CO2 was injected into such saline aquifers, the injected CO2 will be in the supercritical state, because its critical 
point lies within this environment, and will move upward to the caprock by gravimetric segregation due to its relatively 
low density and will accumulate beneath the one by capillary pressure [1]. Then, CO2 sealing integrity of the caprock 
is determined by magnitude of a relationship between the storing CO2 pressure and capillary pressure depending on 
pore structure of a rock. In particular, CO2 will stay within the saline aquifer if its pressure remains in capillary pressure 
range. When the injected CO2 pressure exceeds the capillary pressure of the caprock, it will move by volumetric 
displacement and percolates by passing through connected pore-network of the caprock. The latter phenomenon is 
hereafter called “breakthrough”. Then, at the breakthrough point, capillary pressure is generally so-called as threshold 
pressure.  
Through the CO2 injection process, at the targeted reservoirs, the overpressure may occur because of a change in 
stress with injecting CO2 pressure, which leads to deformation of surrounding rocks including caprocks. Consequently, 
this may cause changes in transport and hydraulic properties (i.e. threshold pressure and permeability) due to evolution 
and nucleation of pre-existed clacks or fractures within the caprock induced by reducing its own strength [2,3]. Indeed, 
at the CCS demonstration site of In Salah in Algeria, surface deformation with injecting CO2 into the reservoir has 
been observed on the order of 5 mm per year above CO2 injection well using satellite-based Interferometry Synthetic 
Aperture Rader (InSAR) monitoring technique [4]. Such behavior on evolution and nucleation of fracture owing to a 
change in stress within reservoirs is most likely to provide an impact on sealing integrity of the caprock. Hence, it 
should be an essential step for CO2 geological storage safety over a long time period (e.g., several hundred to thousands 
of years) to assess an effect of a rock deformation induced by injecting and storing CO2 into reservoirs on hydraulic 
parameters (i.e., threshold pressure, permeability) of the caprock.  
In previous works, threshold pressure and permeability measurements on various rocks including mudstones, 
sandstones, and carbonates have been conducted [5]. It was indicated that at any types of rocks, data for threshold 
pressure is correlated with permeability data. In terms of a change in hydraulic properties accompanied by the failure 
occurrence of the rock, Goto et al. (2013) [7] investigated air-permeability for sandstone under isotropic or anisotropic 
effective stress conditions. It was indicated that rock deformation and failure behaviors could be depending strongly 
on the stress state of the caprock. Skurtveit et al. (2011) [6] explored the effect of a change in pore structure with 
increasing effective pressure (i.e., difference between confining pressure and pore pressure) on CO2 breakthrough 
behavior for shale. Their study pointed out that the behavior of pre-existed micro fracture opening induced by CO2 
flooding through the connected pore network could also be a significant factor for assessment of sealing performance 
of caprocks. Therefore, many studies on threshold pressure have been conducted using several methods, and to 
evaluate the sealing performance of the caprock, a change in permeability after the breakthrough has been investigated. 
However, the impact of effective pressure on the relationship threshold pressure and permeability have rarely been 
revealed.  
The purpose of this study is to examine hydraulic properties depending on effective pressure for mudstones, which 
simulate as a caprock, at geologically-relevant temperature and pressure, conditions of which CO2 is stored into deep 
saline aquifers at about 1 km depth. Threshold pressure and permeability is strongly related to a change in the pore 
structure as a function of effective pressure. Thus, in response to this concern, effective pressure of dependence on 
porosity change of mudstones tested are also investigated in isotropic stress states. 
 
2. Experimental Method 
2.1. Geological setting and morphology properties of Kazusa group mudstones 
Test specimens used in this study were three mudstones taken from Kazusa group of Boso peninsula of Japan. The 
geological stratigraphy of Kazusa group is described in detail by Ito et al. (1998) [8]. Particularly, for the lower part 
of the Kazusa forearc basin, it was well-known that the accumulation contains partially a significantly higher porosity 
of formations than surrounding formations, which deviates from normal compression line depending on burial depth. 
The higher-porosity formations could be attributed to infilling materials in pores of rocks such as oil and gas, resulting 
in not having enough consolidation of sediment [9]. Kazusa group mudstones used in this study were Ohara (OHR), 
Namihana (NMH), and Otadai (OTD) formations which are corresponding to such specific geological formations.  
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Mineral composition of the three types of Kazusa group samples were obtained by point counting under a polarizing 
microscope. Petrophysical properties (e.g., porosity, bulk density, and specific surface area) was determined using a 
mercury intrusion porosimetry (MIP) technique (Micrometrics Autopore IV series 9520, micrometrics Inc., USA). 
Data for petrophysical properties, and mineral compositions of these mudstone specimens were summarized in Tables 
1-2, respectively. Therefore, it can be seen from point counting analyze that no changes in mineralogy of three types 
of Kazusa group mudstones used are clearly observed. To gain better understanding of the morphology of the above-
mentioned materials, we conducted a surface analysis using scanning electron micrograph (SEM). Through this 
surface analysis, OTD mudstone was constructed from angular clastic grains that range from approximately 10 to 30 
Pm and smaller grains with approximately 10 Pm below, and had large capacity of pores which evenly distributed on 
mineral surfaces. There can be seen a wide variation in the observed voids such as rounded pores, clack-like pores, 
and micro fracture. OHR mudstone was uniformly dominated by finer-grained clastic with size of about 5 Pm below 
and exhibited random distribution of the above these voids in their grains. NMH mudstone consisted of angular grains 
that is larger in size, ranging from 20 to 50 Pm and have rounded pores ranging from 2 to 5 Pm in a grain and a grain 
boundary but, there was little clack-like pores and micro fractures as well as observed in OTD and OHR mudstones. 
Our observations of OTD and OHR mudstones seemed to have a significantly more loose-structured between clastic 
grains compared to that of NMH mudstone. All the test specimens were cored from these blocks perpendicular to 
bedding plane with a thin-wall diamond bits and cut with a diamond saw and obtained in a cylindrical shape with 
diameter 50 mm and length 10 mm for threshold pressure experiment and diameter 50 mm and length 20 mm for 
permeability and porosity measurements. All the sample were vacuum saturated with distilled water prior to all the 
experiments. 
 
2.2. Experimental apparatus and procedures 
A flow diagram of fluid flow apparatus used in this work. In this study, to assess the hydraulic properties of 
mudstones, three types of experiments including permeability and porosity tests, and threshold pressure measurement 
were mainly conducted for the assessment of hydraulic properties of mudstones. The principle and procedure for these 
experiments were described in detail by Fujii et al. (2014) [10]. The permeability test was performed at ambient 
temperature, pore pressures up to 2.5 MPa. The permeability value was determined based on Darcy’s Law, and the 
porosity test was conducted at ambient temperature, 0.3 MPa pore pressure constant. On the other hand, threshold 
pressure was determined by assuming that its value was expected to be in the range of the pressure steps between the 
occurrence of breakthrough point and before the one, namely the former and the latter stages are hereafter called as 
upper and lower pressure steps, respectively. This experiment was performed at 40°C, initial pore pressures of 10 MPa 
for both CO2 and water. All the experiments were conducted at effective pressures ranging from 1-30 MPa. During 
the threshold pressure experiment, the sample was used for one run per an effective pressure condition. 
 
     Table 1. Physical properties of test mudstone specimens. 
 OTD Fm. OHR Fm. NMH Fm. 
Bulk density (Mg/m3) 1.45 1.19 1.28 
Porosity (%) 40.2 50.6 46.8 
Specific Surface Area (m2/g) 20.6 24.3 29.4 
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   Table 2. Mineral compositions of test mudstone specimens. 
 OTD Fm. 
Mudstone 
 (%) 
OHR Fm. 
Mudstone 
 (%) 
NMH Fm. 
Mudstone 
 (%) 
Quartz 1.2 0.4 0.2 
Plagioclase 1.6 1.8 0.4 
Biotite 0.4 0.0 0.0 
Hornblend 0.4 0.0 0.0 
Volcanic Glass 3.4 3.3 0.8 
Micro Fossil 1.4 2.8 2.6 
Rock fragments 3.2 0.4 0.2 
Matrix 88.1 91.0 95.1 
3. Results and discussion 
Permeability as a function of effective pressure in hydrostatic loading and unloading processes are presented in Fig.1. 
For reference, the in-situ permeability values measured during the threshold pressure experiment are also plotted in 
here as solid markers. OTD and NMH mudstones show a monotonous decrease of permeability with increasing 
effective pressure ranging from 1 to 20 MPa, and at the maximum effective pressure value, permeability values for 
both OTD and NMH mudstones decrease by up to about 1 order of magnitude on the basis of that at the first step of 
1 or 2 MPa effective pressure. In contrast to OTD and NMH mudstones, it is apparent that OHR mudstone has a 
significant different trend for effective pressure of dependence on permeability, shown in Fig.1. An effective pressure 
increase by itself reduced the permeability of OHR mudstone by up to about 3 orders of magnitude compared to initial 
permeability at 2 MPa, with the most significant drop occurring when the effective pressure exceeds around 5 MPa. 
The permeability drop for OHR is significantly larger than that for both OTD and NMH mudstones, yet being 
undergone a half the maximum effective pressure of the two mudstone. Also, the obtained permeability values of 
OHR mudstone during the threshold pressure experiment shows fairly consistent of the results for permeability 
measurement at ambient temperature. Thus, it is apparent that OHR mudstone had an inflection point at around 5 MPa, 
at which permeability is beginning of the significant drop, whereas, based on the compression curves for the OTD 
and NMH mudstones, our observations seem to be little this point and cannot be determined within effective 
pressure ranges tested in this work. As for the observed significant reduction in permeability for OHR mudstone, 
this can be attributed to the pore geometric properties of each mudstone.  
In recent studies associated with pore structure of sedimentary rocks, Heath et al. (2011), (2012) [11,12] investigated 
directly pore-network characteristics for mudstones using a dual-beam focused ion beam scanning electron 
microscopy (FIB/SEM) to provide an insight for understanding of fluid flow mechanism into a rock media. It was 
identified that there are seven types of pores in mudstone specimens used in their studies, and the observed these pores 
had a significant portion of crack-like pore structures in micro scale. Kwon et al. (2004) [13] reported that shale 
(porosity: ~15 %), which was classified into clastic sedimentary rocks or caprocks as well as mudstones, showed a 
significant change in permeability by up to 3 orders on the basis of an initial permeability value in the range of up to 
approximately 10 MPa effective pressure, like that do the case of OHR mudstone. It is further shown that there are 
majority of the above crack-like pore structures of all the observed pore structures. Thus, it is suggested that the 
observed significant reduction in permeability could be attributed to the presence of clack-like pores and micro 
fractures, which is interconnected with the pores, into rock masses. These results demonstrate that there are a great 
part of such crack-like pores and micro fractures in OHR mudstone due to the observed deep reduction in permeability, 
whereas, NMH mudstone is most likely to have fracture-less structures such as sandstones, considering less reduction 
in permeability compared to the case of OHR mudstone. Indeed, such clack-like pores and micro fractures are 
observed for OTD and OHR mudstones as above-mentioned section 2.1. 
Threshold pressure as a function of effective pressure in loading process is shown in Fig.2, and data for threshold 
pressure plotted in here are presented mean value in the range from upper to lower pressure steps, as above-described 
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the experimental section 2.2. NMH mudstone exhibited an incrementally increase of threshold pressure with 
increasing effective pressure. For the measurement of OTD mudstone, at 5 MPa effective pressures below, throughout 
this experiment, CO2 moved continuously by a constant flow rate and penetrated through the sample due to exceeding 
threshold pressure of the one, although being lower limiting pressure difference (0.03 MPa) in this experimental 
system. It was suggested that in the lower effective pressure range (<5 MPa), the threshold pressure values would be 
expected to be corresponding to within the range of pressures of 0.03 MPa below. At effective pressures above 10 
MPa, OTD mudstone showed an increase of threshold pressure as effective pressure increases. On the other hand, 
OHR mudstone also showed an increasing trend of threshold pressure with increasing the effective pressure as well 
as the other mudstones except for OTD mudstone in unmeasurable lower effective pressure ranges. Also, in contrast 
to the results of OTD and NMH mudstones, OHR mudstone had an inflection point at around 5 MPa effective pressure. 
The observed effective pressure value corresponding to this inflection point was in good agreement with that for the 
permeability data. Thus, it was demonstrated that the results of threshold pressure experiment have a good harmony 
with that of permeability test. 
Fig.3 is a plot of threshold pressure of the mean value versus permeability for the presented data over the entire range 
of effective pressure except for OHR mudstone at 20 MPa. The permeability value used is in the basis of in-situ 
permeability data during threshold pressure experiment. All the samples exhibited a linear correlation between 
threshold pressure and permeability on a log-log scale except at effective pressures of 2, 5, and 10 MPa for OTD 
mudstone and 2 MPa for OHR mudstone. Gas breakthrough pressure experiments in CO2/water or CO2/brine systems 
have mainly been identified the above linear correlation between permeability and threshold pressure for Mudrocks 
such as clay and silt rich rocks so far [5] Also, systematic experimental studies on gas breakthrough behavior of Hg/Air, 
N2/water CO2/water, and CH4/water reported by Hildenbrand et al. (2004) [14] indicated that data for all the other 
systems of CO2/water had this linear correlation like that do the case of CO2/water system, yet being displayed widely 
variation of the measured values. Additionally, it has been identified that the obtained slope value for the linear 
correlation showed almost the same value reported by previous studies [5,15]. 
For the observed deviation trend, for OHR mudstone, a replicate run was conducted at 2 MPa effective pressure, and 
the obtained threshold pressure values were 50 kPa for 1st run and 70 kPa for 2nd run, respectively. Thus, it can be 
said with reasonable certainty that there is a deviation trend under certain effective stress conditions. In response to 
this concern, data from Cosby et al. (1984) [16] for unconsolidated materials have been presented as well as being the 
deviation trend observed from this study. According to the permeability data for OHR mudstone, an inflection point 
was observed on the compression curve (Fig.1b).  
Here, in this study, to analyze the observed inflection point, we attempted to infer a critical pressure, which means 
that rock deformation behavior transfer elastic to inelastic regimes, of each mudstones tested by employing a typical 
method proposed by e.g., Wu et al. (2010) [17]. The obtained critical pressure values were summarized in Table 3. As 
for this correlation between threshold pressure and permeability, many researchers have proposed a theoretical 
equation derived from implementations of permeability and porosity tests using packing arrangements of uniform 
spheres as porous rock media, namely was hereafter called “spherical packing model”, so far [e.g., 18-20]. 
Additionally, in recent report, a relationship between threshold pressure and permeability was formulated based on 
the above theoretical equations [21]. Then, it should be noted that models used in the above fundamental knowledge 
is assumed on the basis of the spherical packing model except for crack-like pore and micro fracture structures inferred 
from our results of this study for OTD and OHR mudstones.  
 For this deviation trend for OTD and OHR mudstones, considering the result of critical pressure value given in 
Table 3, it was indicated that the effective pressure values observed in the deviation trend were corresponding to the 
critical pressure below in elastic regime. Thus, it was suggested that, for OTD and OHR mudstones at the critical 
pressure below, these obtained data cannot be explained by the spherical packing model with fracture-less structure 
because of having micro fractures and its closure insufficiently in elastic regime, and, once exceeding the critical 
pressure, the data is plotted on this correlation and could fully be explained by assuming the spherical packing model 
due to the pre-existed fracture closure perfectly. It is important to mention that, at 2 MPa effective pressure 
corresponding to the critical pressure below, OTD and OHR mudstones showed the deviation trend, while, data for 
NMH mudstone had this correlation under the same effective pressure condition, yet being in the elastic regime. This 
difference can be mainly attributed to pore geometric characteristics at each mudstone tested. NMH mudstone had 
more rounded pores and less micro fractures compared to the other mudstones. Thus, it can be said that such structure 
type of mudstone could be explained by assuming the spherical model, and then, this results in having this correlation.   
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The findings of this experimental study demonstrate that mudstones with crack-like pores and/or microfractures such 
as the OTD and OHR mudstones might be significantly more susceptible to decreasing threshold pressure compared 
with fracture-less structures, however, under a certain stress condition, all the obtained data had the above-mentioned 
linear correlation, even if the mudstones incorporated fracture structures in micro scale. 
 
 
 
  
Fig. 1. Variations of water permeability depending on effective pressure for Kazusa group mudstones. 
   
Fig. 2. Variations of threshold pressure as a function of effective pressure for Kazusa group mudstones. 
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Fig. 3. Plots of threshold pressure versus permeability in loading process. ( ) denotes effective pressure at each run. 
Table 3 List of critical pressure inferred from each compression curve on porosity change. 
 OTD Fm. OHR Fm. NMH Fm. 
Bulk density (Mg/m3) 10-15 4-6 7-10 
 
4. Conclusions 
The present study pointed out that a rock deformation due to a change in stress could provide a significant impact 
on the hydraulic properties of mudstones, however, under a certain stress condition, all the obtained data had a linear 
correlation between threshold pressure and permeability on a log-log scale. Additionally, even though being the pre-
existing micro fractures into mudstones in micro scale, the presence of such fractures could provide a significant 
portion for characterizing hydraulic properties of caprock. It can, therefore, be concluded that understanding of pore 
geometric properties in micro scale could play an essential role for assessment of CO2 sealing integrity of caprock. 
This will lead to providing of CO2 injection pressure criterion and screening of a suitable CO2 geological site for 
implementation of CO2 geological storage safety. 
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